CFD SIMULATION OF THE REACTING FLOW PROCESS OF COAL PYROLYSIS TO ACETYLENE IN HYDROGEN PLASMA DOWNER REACTORS by Yan, Binhang et al.
Refereed Proceedings
The 13th International Conference on
Fluidization - New Paradigm in Fluidization
Engineering
Engineering Conferences International Year 2010
CFD SIMULATION OF THE
REACTING FLOW PROCESS OF
COAL PYROLYSIS TO ACETYLENE
IN HYDROGEN PLASMA DOWNER
REACTORS
Binhang Yan∗ Yi Cheng†




This paper is posted at ECI Digital Archives.
http://dc.engconfintl.org/fluidization xiii/97
 
CFD SIMULATION OF THE REACTING FLOW PROCESS OF 
COAL PYROLYSIS TO ACETYLENE IN HYDROGEN PLASMA 
DOWNER REACTORS 
Binhang Yan, Changning Wu, Yong Jin, Yi Cheng * 
Department of Chemical Engineering, Beijing Key Laboratory of Green Chemical 
Reaction Engineering and Technology, Tsinghua University 
Beijing 100084, P.R. China  
T: +86-010-62794468; F: +86-010-62772051; E: yicheng@tsinghua.edu.cn 
ABSTRACT 
A comprehensive computational fluid dynamics (CFD) model was established to 
describe the reacting flow of coal pyrolysis in hydrogen plasma downer reactors. The 
model predictions showed good accordance with the experimental results of the 
2-MW and 5-MW pilot-plant reactors. The operating conditions were optimized to 
improve the 5-MW reactor performance. 
Keywords: Coal Pyrolysis; Acetylene; Thermal Plasma; CFD; Chemical Percolation 
Devolatilization (CPD) 
INTRODUCTION 
Coal pyrolysis in hydrogen plasma provides a direct means for producing acetylene 
1-3. This process is carried out in a multiphase downer reactor, which accommodates 
the high temperature reactions of coal pyrolysis in milliseconds. Many researchers 
have investigated the coal pyrolysis process since the late 1960s 1. The AVCO 
arc-coal process using a prototype 1-MW plasma downer reactor in the early 1980s 
was the first reported pilot production 4. Although further attempt on scaling-up and 
process optimization was terminated for the lack of commercial sponsorship, the coal 
pyrolysis process was proved technologically viable and economically favorable. 
Encouraging progress has been made in the past several years in China 5-6. Two sets 
of pilot-plant plasma reactor facilities (i.e., 2-MW and 5-MW) using a unique design of 
V-shape plasma generator have been successfully built and run well with hydrogen 
as the heat carrier and reacting atmosphere. Owing to the ultra-high temperature 
conditions (e.g., ~3000 K) and milliseconds contact time, direct measurement inside 
the reactor can be hardly implemented. To better understand the complex 
gas-particle reaction behavior in the 2-MW pilot-plant reactor, a comprehensive 
model has been established to describe the gas-particle reacting flow of coal 
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pyrolysis in hydrogen plasma in our previous work 5. The results qualitatively agreed 
with the operational experience on the 2-MW reactor.  
This work aims to improve the available model and further predict the scaling-up 
performance to a 5-MW reactor. The major improvements include: (1) the reasonable 
evaluation of the devolatilization species and the heat of pyrolysis; (2) the effects of 
heat conduction, mass transfer inside coal particles and gas layer around the particle 
on the gas-particle heat transfer; (3) a kinetic model for the production of light gas 
from the tar-cracking reactions 7-8. The 3-dimensional simulation revealed the 
detailed flow field, temperature field, devolatilization process of coal particles and the 
spatial distribution of product gases. Predictions are shown to be in good agreement 
with the operational experience on the 2-MW and 5-MW pilot-plant reactors.  
MODEL DESCRIPTION 
A comprehensive CFD model is established to describe the gas-particle reacting flow 
of coal pyrolysis in hydrogen plasma in this work, which includes the k-ε turbulence 
model for gaseous turbulent flow with heat and mass transfer, the discrete phase 
model (DPM) for momentum, heat and mass transfer between gas and particles, the 
chemical equilibrium model for the high temperature gas-phase chemical reactions, 
the mixture fraction approach with probability density function (PDF) method for 
modeling the interaction of turbulence and chemistry and sub-models for 
devolatilization of coal particles. 
Mathematical equations 
General governing and transport equations for the continuous phase and the mixture 
fraction approach are adopted in this simulation. The particle motion is modeled by 
DPM model. As the trajectory of each particle is computed, the mass, momentum 
and heat exchange between the particles and the continuous phase is added to the 
source term of the discretization equations for the gas continuum (see Chen and 
Cheng 5). 
In addition, the heat transfer model inside a particle (as shown in Fig. 1) is 
established based on the conduction equation with consideration of heat of pyrolysis 
and heat conduction in solid materials: 
     

  
        
vol2
p p,p p r2
, , ,1T r t T r t dm r t
c k r H
t r r dtr
     (1) 
where T(r,t) represents the local temperature of coal particle at any radial position r 
and time t; ρp, cp,p and kp are the density, the specific heat capacity and the thermal 
conductivity of the coal, respectively; ΔrH is the heat of pyrolysis; and dmvol(r,t)/dt is 
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the local reaction rate of devolatilization. The last term in Eq. (1) is set zero because 
that it is much less than the heat transferring from the continuous phase to the 
particle and could be neglected. The boundary conditions of Eq. (1) are given as: 
            
 
22
p m g4 4 0.5 , ; 0, 0
T T
R k R h T T r R r
r r
  (2) 
where Tg represents the temperature of the hot gas, R is the radius of the coal 
particle, δm is the thickness of the gas film around the coal particle (estimated to be 
2R in this study), h
 
is the gas-particle heat transfer coefficient, and θ is a factor 
related to the effect of volatiles’ release on heat conduction. The gas-particle heat 
transfer coefficient could be calculated from the Nusselt number, Nu = hδm/km, where 
km is the thermal conductivity of the gas film. The factor θ reported by Spalding 
9 is 
adopted in this study, 









e d k dt
          (3) 
where cp,g represents the gas specific heat capacity, dp is the particle diameter, and 
dmvol/dt denotes the total formation rate of volatiles from coal (kg/s). 
Fig. 1 Schematic of a coal particle with heating gas
 
Fig. 2 Schematic of the reactor 
Devolatilization sub-model of coal particles 
The CPD model 10-11 is employed to describe the devolatilization of coal particles, 
where the fractional change in the coal mass as a function of time is divided into light 
gas, tar precursor fragments and char. As mentioned above, the distribution of 
temperature inside a particle is calculated from the particle heat transfer model, 
according to which the average temperature of each coal particle can be obtained for 
the CPD model. Here the radial profile of local temperature inside the particle is not 
considered in the CPD model. The tar cracks through the following assumed paths: 
1 2  k klight gas Tar soot             (4) 
The mechanism utilizes the Arrhenius equation which is defined as: 
 i i iexp / i 1,2  k A E RT             (5) 
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The values of kinetic parameters were obtained from the work of Ma 7 and Brown 8.  
The element fractions of volatiles can be specified according to the proximate and 
ultimate analyses of the coals before and after pyrolysis, as well as the elemental 
mass conservation. Similarly, the standard-state enthalpies of pseudo species 
volatile can be computed based on energy conservation and the higher/lower heating 
value of the coal. The evaluation of the devolatilization species released to the 
continuous phase and the heat of pyrolysis is found reasonable by the method 
mentioned above. 
Simulation details 
The simplified geometry of the 2-MW/5-MW reactor used in the CFD simulation is 
shown in Fig. 2. An improved design of coal injection is implemented to guarantee 
the mixing in milliseconds according to the study by Cheng et al. 6. Coal particles with 
an initial velocity of 5 m/s and temperature of 300 K are injected transversely from 
the uniformly distributed nozzles. The particle size distribution measured from the 




Y e            (6) 
where Yd is the mass fraction of 
particles with diameter greater than d; 
the minimum, maximum and mean 
diameters are 6.22 μm, 137.2 μm and 
45.78 μm, respectively; and the spread 
parameter, n, is 1.0578. Typical data 
obtained from the 2-MW and 5-MW 
reactors are shown in Table 1. 
RESULTS AND DISCUSSION 
Influence of coal feed rate 
The average values of species concentrations, temperature, coal conversion and the 
C2H2 mass flow rate at the outlet (z = -0.5 m) of the reactors are listed in Table 2, 
together with the typical experimental data. The CFD model predictions agree well 
with the experimental data in most of the parameters mentioned above. The 5-MW 
reactor performance is unsatisfactory compared to the 2-MW reactor. The results 
also show the decrease of acetylene concentration, which is in accordance with the 
actual situation during the scaling-up process.  
Influence of coal feed rate is investigated in the 5-MW reactor under the same power 
Table 1 Typical operating conditions of Tianye
 pilot-plant units 
Input 2-MW 5-MW










System pressure [atm] 
H2 feed to plasma torch [kg/h] 
H2 feed to coal inlets [kg/h] 
Coal feed [kg/h] 
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input. As shown in Table 2, with the increase of coal feed rate, the average 
temperature at the reactor exit declines, while the concentrations of CH4, C2H4 and 
CO increase. There is a peak of C2H2 concentration at the coal feed rate of 1152 kg/h, 
which is due to the influence of both the temperature and the mass loss of coal. The 
optimal coal feed rate for the 5-MW reactor would be 1440 kg/h according to the 
reactor performance characterized by the acetylene mass flow rate at the outlet. 
Therefore, the simulations help to understand what results in the different 
performances of the two sets of pilot-plant facilities. The optimal operating conditions 
can be obtained to improve the 5-MW reactor performance. 
Table 2 Simulation results at different coal feed rates compared with typical experimental 
data 
 2-MW 5-MW 
 Experiment Simulation Experiment Simulations 
Coal [kg/h] 700 702 1700 864 1152 1440 1728 2016
C2H2 [v/v %] 8 7.5 6.2 6.0 6.4 6.4 5.8 4.6 
CO [v/v %] 7 10.2 10.5 6.7 7.4 8.3 9.4 10.6
H2 [v/v %] 78 78.7 77.4 86.3 84.8 82.5 79.6 76.7
CH4 [v/v %] 4 2.3 3.6 0.1 0.6 1.8 3.9 6.2 
C2H4 [v/v %] 2.5 0.3 1.1 0.0 0.1 0.2 0.4 0.5 
T [K] ~1600 * 1695  2106 1887 1728 1622 1556
Yield of gas [wt %] 38.3 29.0 30.2 37.2 31.8 29.1 28.2 27.7
C2H2 [kg/h] 100 67.6 160 130.1 142.8 146.4 136.0 109.8
* Temperature measured at the wall of the last 30-cm reactor 
Gaseous temperature field 
Fig. 3 illustrates the distributions of gaseous temperature in y = 0 plane and the 
vicinity of the inlet plane of the reactors. The temperature of the gas changes 
dramatically after the coal is injected into the reactor. In the case of the 5-MW reactor, 
the temperature distribution is uniform in the second half of the reactor and the mean 
temperature at the outlet is 1622 K. The similar phenomenon is shown in the 2-MW 
reactor while the temperature field becomes uniform faster and the mean 
temperature at the outlet is 1695 K. As a consequence of coal injections, there are 
low temperature regions adjacent to the wall under the inlet plane, which may be the 
cause of coking because coal particles are viscous at low temperatures especially 
when the volatile is not completely released. As shown in Fig. 3, the temperature 
distribution is not uniform in the vicinity of the inlet plane of both two reactors. The 
unique structure of V-shaped torch causes a narrow area in the center where the 
temperature is much higher. The area of high temperature zone decreases rapidly 
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within the first 20 mm under the inlet plane, but there is still a larger high-temperature 
zone in the 5-MW reactor, as well as the low temperature regions under coal 
injections. That means the gas-particle mixing efficiency gets worse in the 5-MW 
reactor, which may result in a worse reactor performance due to the scale-up. This 
suggests that the mixing efficiency can be improved by altering the shape and size of 







Fig. 3 Distribution of temperature in the reactors: (a) 5-MW; (b) 2-MW 
Reaction process of coal 
Fig. 4 shows the variations of the particle density and temperature with the particle 
residence time and z-axis of the reactor. The heating histories of particles with 
different diameters differ in the heating rate and the ultimate particle temperature. 
The particles with smaller diameters are heated much more rapidly and have a 
higher ultimate temperature when the particle diameters are larger than 50 μm. If the 
particle diameters are about 6 μm or even smaller, the particle temperature increases 
gradually to the ultimate temperature. Only when the particles are in the suitable 
diameters of 10~40 μm, the corresponding temperature reaches an ultra-high 
temperature rapidly then drops down slowly to the ultimate temperature. This may be 
attributed to the fact that the large particle is hard to be heated rapidly though it is 
easier goes into the high temperature zone of the hydrogen stream, while the small 
one can not be injected into the high temperature zone. The particle location at the 
peak of temperature is shown in Fig. 4 (a), which suggests that the particles with the 
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diameters of 35.3 μm go through the hottest zones of the reactor. That is, the optimal 
particle diameter is about 35.3 μm for the process of 5-MW reactor. This conclusion 
is confirmed by the variation of the particle density shown in Fig. 4 (b), which 
represents the particle mass loss as a result of the assumed constant particle volume. 
Besides, the residence time of particles grows with the increase of their diameter as 
shown in Fig. 4. The time scale of devolatilization of coal particle is 0.1~10 ms and 
the average residence time of particles is about 5.1 ms. It can be predicted that the 
greater particle devolatilization rates occur in the first third of the reactor from the 
variation of the particle density. The coal particle with diameters less than 64 μm 
finishes its reaction in the first 250 mm of the reactor, the mass fraction of which is 
77%. So the results of the total output and product compositions are improved 
slightly along the last 250 mm part of the downer reactor. This is very important to 
guide how to improve the existing reactor design.  
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Fig. 4 Reaction process of single representative particle: (a, c) heating history, and (b, d) 
particle density 
CONCLUSION 
A comprehensive CFD model was established to describe the gas-particle reacting 
flow of coal pyrolysis in hydrogen plasma downer reactors. With the significant 
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improvements upon our previous work 5, the model predictions are shown to be in 
good agreement with the performances of both pilot-plant reactors. The 
3-dimensional simulation revealed the detailed flow field, temperature field, 
devolatilization process of coal particle and so on, for a better understanding on the 
complex gas-particle reaction behavior in the reactors. In addition, the possible 
causes of unsatisfactory performance in the 5-MW reactor can be attributed to the 
operating conditions and the inlet geometry as well. The future work would provide 
more scientific guidances on the industrial scaling-up strategy and optimization of 
process conditions of the coal pyrolysis project at the pilot-plant of 5~10 MW. 
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